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Results of recent SANS experiments with impurity-helium gel (IHG) samples in He-II are presented. We estimate the mean size of
the impurity nanoparticles that form the frame of the IHG samples and discuss the possibility to use IHG samples for the production
of ultracold neutrons (UCNs) in He-II cooled to the temperature of a fewmK, as well as the reflection of UCNs at any temperature.
Our results indicate that the most promising materials for these purposes might be the heavy water gel samples with the mean sizes
of D
2
O clusters of 𝑑 ∼ 8 nm and the heavy alcohol gel samples with the mean sizes of clusters of 𝑑 ∼ 15 nm.
1. Introduction
Many current investigations with ultracold neutrons (UCNs)
are limited by available UCN densities [1–3]. Intense efforts
are undertaken all over the world to increase the UCN
densities.Themost promising techniques are based on down-
scattering of cold neutrons, mainly those with the wavelength
of 8.9 A˚, to the UCN energy due to phonon production in
the bulk of superfluid He-II cooled below the temperature
of 0.8 K or downscattering of neutrons with a broad initial
energy spectrum in solid deuterium at the temperature of
about 5 K [4].
Our primary goal in relation to the GRANIT project
[5, 6] is to develop and model a new type of neutron
moderator [7, 8] suitable for equilibrium cooling of UCNs in
ultracold impurity-helium gel (IHG) matter. We will check
the feasibility of the method based on equilibrium cooling of
very cold neutrons (VCNs) in the process of their interaction
with an IHG sample in superfluid He-II cooled below a
temperature of a few mK. An IHG sample could play the role
of amoderator for (very) cold neutrons and convert them into
UCNs due to their quasielastic scattering by impurity clusters
which are weakly connected with each other inside the gel
frame (the dispersionmatter) as well as with the surrounding
He-II (the dispersionmedium of the gel), and in this manner,
the energy could be transferred from VCNs to the dispersion
medium. It should be noted that in this consideration we
suppose that the wavelength of incident VCNs is comparable
to characteristic sizes of the impurity nanoclusters.
The main goal of the SANS experiments discussed below
was to study the structure of the IHG samples and to estimate
themean sizes of the impurity nanoclusterswhich formafirm
skeleton (frame) of the sample in superfluid He-II. The IHG
samples were prepared of the impurity nanoparticles weakly
interacting with each other and weakly absorbing neutrons,
like those prepared frommolecular gasesD
2
andO
2
or liquids
like D
2
O and C
2
D
5
OD [9–17].
Our preceding measurements of neutron transmission
through a heavy water gel sample with the diameter of 2.5 cm
in He-II at the temperature of 𝑇 = 1.5K have shown
[18] that, with lowering the cold neutron velocity V from
160m/s to 30m/s, the angular distribution of the intensity of
transmitted neutrons 𝐼(𝛼) changed significantly: from near
straightforward scattering at the velocities significantly larger
than 60m/s to preferred backscattering for velocities sig-
nificantly smaller than 60m/s (the corresponding transition
neutron kinetic energy ≤ 0.2 K and the wavelength 𝜆 ≥
6 nm). In the case of transmission of a VCN beam through
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a massive IHG sample, with increasing the sample diameter
𝐷 from 2.5 cm to 25 cm, one might hope that the mechanism
of transmission of VCNs with a velocity slightly above this
transition velocity through the sample would change from
straight forward to diffusion propagation (note that 25 cm is
the inner diameter of the vessel in an industrial 10 𝑙 cryostat
for storage of liquid helium).The total content of the impurity
molecules could reach ∼1020 cm−3, and supposing that about
∼1% of the impurity molecules is contained in particles of
small sizes (up to 100 molecules in a single cluster), one can
estimate that the number density of small clusters in the IHG
sample could reach 𝑁 ∼ 1016 cm−3. In the case of diffusion
propagation of an VCN through a massive spherical sample
with the diameter of𝐷 = 25 cm, the effective length between
two crossings of the neutron trajectory with walls of the
vessel 𝐿eff ≈ 1/3(𝐷
2
/𝐿
𝑁
) ≫ 𝐷, while the distance between
two elastic collisions of the neutron with nanoclusters in
the bulk of the massive IHG sample 𝐿
𝑁
≈ (1/𝜎𝑁) ≪ 𝐷.
Though the probability of inelastic scattering of VCNs on
single nanoclusters with the diameter 𝑑 ≤ 1 nm is much
smaller than the probability of elastic scattering and also
could not be estimated reliably at this stage, the total number
of collisions of the neutron with the impurity nanocluster
particles in the volume of sample, proportional to the ratio
𝐷/𝐿
𝑛
, could be large enough under certain conditions for
effective cooling of neutrons to the bath temperature.
Thus, the primary focus of our participation in this
GRANIT project includes a series of experiments relevant
to the development of VCN moderators suitable for a new
UCN source. We carried out a set of experiments to gain
a better understanding of the properties and the behavior
of IHG samples in He-II as a cold neutron moderator
and UCN converter. The neutron studies are supported by
X-ray investigations [19] of the structure and the phase
transitions in the highly dispersed icy powder which are
created following the decay of the water and ethanol gel
samples on heating them above the temperature of 5 K in He
gas atmosphere.
2. Experimental Technique and Results
The investigation was carried out using the SANS spectrome-
ter D22.The range of neutron wavelengths 𝜆was varied from
0.4 nm to 2.4 nm. The main measurements were performed
at the wavelength of 𝜆 ≈ 0.6 nm. The spectrometer covers a
total momentum transfer range 𝑞 from 0.003 to 0.8 A˚−1 (see
Figure 1).
For thesemeasurements, we designed and tested a special
optical cryostat [20]. Samples with the volume of a few cubic
cm (∼2.5 cm in diameter) were prepared in situ in a quartz
glass cell filled with superfluid He-II at the temperature of
𝑇 ∼ 1.6K. The process of sample preparation was controlled
with a video camera installed outside the cryostat near the
upper pairs of optical windows placed in the middle part of
the cryostat. After preparation of a sample, the experimental
cell was shifted down to the tail of the cryostat. All the
pieces of the tail were produced from aluminum in order to
decrease neutron scattering in the cryostat walls. The time of
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Figure 1: The intensity of small angle neutron scattering on
impurities-helium gel samples and diamond nanopowder.
preparation of a sample was about 1 hour.The time of storage
of superfluid He-II in the cryostat was longer than 10 hours.
The samples were prepared by means of condensation of
a mixture of pure 4He and the impurity vapors on the surface
of He-II in the experimental quartz cell. For comparison,
we have measured the scattering of neutrons on diamond
nanopowder (by certificate, the size of diamondnanoparticles
was 𝑑 ≤ 10 nm). The results of SANS measurements are
shown in Figure 1. All thesemeasurementswere carried out in
He-II at a temperature of𝑇 ∼ 1.66K except diamond powder.
A thin layer of the commercial powder of nanodiamond [21]
in an Al envelope was studied at the room temperature.
The dashed line in Figure 1 corresponds to the Porod law:
𝐼(𝑞) ∼ 𝑞
−4 provided the condition 𝑞∗𝑑 ≫ 1 [22].The arrows
above the curves 𝐼(𝑞) indicate the points of cusps, which were
defined by approximating the slope of the 𝐼(𝑞) curves at small
and large 𝑞 values.
Some results of numerical estimations of the intensity
dependence 𝐼(𝑞) in the Born approximation [23] are shown
in Figure 2. The dashed line corresponds to the Porod law
𝐼 ∼ 𝑞
−4; curve 1 shows scattering of neutrons on spherical
nanoparticles with the radius of 𝑅 = 10 nm; curve 2 indicates
results for the particle sizes distributed randomly from 1 nm
to 19 nm (with the mean value 10 nm); and curve 3 is for
the Gaussian distribution with the mean size of 10 nm. The
change of the slope of the 𝐼(𝑞) curve at low 𝑞 values is
attributed to the transition to the Guinier region [24] in the
range of 𝑞𝑅
𝑔
< 1. Here, 𝑅
𝑔
= (3/5)
1/2
∗ 𝑅 for spherical
particles, and the particle diameter is 𝑑 < 2.6/𝑞. If the size of
spherical particles d > 2.6/𝑞, one could observe a number of
interference minima in the 𝐼(𝑞) curve (1 curve in Figure 2).
Whether the sizes of clusters are distributed randomly in
the range from 1 nm to 19 nm (the mean value 10 nm, curve
2) or assuming the Gaussian distribution (with the mean
size 10 nm and the width of the distribution curve equal to
4.5 nm) as shown in curve 3, the interference minima had
disappeared and 𝐼(𝑞) became smooth enough. It is clear that
with increasing the size of particles the kinks in the curves
𝐼(𝑞) are shifting to the lower 𝑞wave range (curves 1, 3, and 2).
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Figure 2: Results of calculation of neutron scattering in the Born
approximation.
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Figure 3: Estimation of sizes of nanoparticles in impurity-helium
gels.
The results of our estimations of the size of nanoparticles
in different IHG samples are plotted in Figure 3. The dotted
line indicates the transition into the Guinier region. The
points correspond to the positions of kinks in the calculation
of the particle size distribution. The diamond point shows
the position of the kink in the 𝐼(𝑞) curve for the diamond
nanopowder (by the company certificate the size of particles
was 𝑑 ≤ 10 nm).
As follows from Figure 3, the mean sizes of clusters
in D
2
O gel samples were equal to 𝑑 ∼ 8 nm and 𝑑 ∼
15 nm for the deuterated ethanol sample. It is interesting to
note that mean sizes of the bcc crystals in the icy powder,
created following the decay of the IHG samples, were close
to these sizes, as it was observed in our X-rays studies
[25]. The icy powder was warming up first to the liquid
nitrogen temperature and then we studied the transitions
from amorphous to nanocrystalline structures with further
increasing the temperature of the sample. In the beginning,
the total content of the amorphous phase in the water ice
samples reached up to 40% in the normalwater and up to 90%
in the powder of heavywater. Onheating the icy sample to the
temperature of up to 110 K (for heavy water up to 130K), the
amorphous phase was transformed to crystalline cubic phase
and then we observed the transformation into the convenient
hexagonal phase. As mentioned above, the sizes of initial
cubic ice crystals were 6–10 nm [19]. In the case of ethanol
samples, the transition from amorphous to monoclinic phase
occurred at a temperature of 𝑇 ∼ 110K and the sizes of
crystallites were close to 30–40 nm.
3. IHG Samples as Neutron Moderators
As pointed out in [7], small sizes of impurity clusters weakly
interacting with each other in the frame of the gel sample
and with superfluid He-II in nanopores might be useful for
developing VCN moderators of a new type, in which the
energy of VCNs is transferred into the helium bath cooled
down to the temperature of a few mK via their inelastic
interaction with the clusters.
According to [8], the most interesting for these modera-
tors could be D
2
O or the heavy alcohol C
2
D
5
OD gel samples.
In principle, the total content of small (about 1 nm) particles
in bulk of these samples can be increased significantly on
heating the freshly prepared sample in liquid helium up to
4K and subsequent cooling [25].
The time-of-flight measurements of inelastic neutron
scattering on these samples could give any answer on effi-
ciency of the inelastic scattering of CNs and VCNs on the
gel samples as well as on the gel samples prepared from other
materials.
Elastic Neutron Scattering. The first experiment on VCN
scattering yielded very encouraging results. It was observed
that the beam transmission through a heavy water-helium gel
sample with the volume of∼3 cm3 inHe-II at the temperature
𝑇 ∼ 1.6K changed from ∼50% to ∼0% on decreasing the neu-
tron velocity from 160m/s to 30m/s.The angular distribution
of neutron scattering changes as well: at higher neutron
energies, the scattering is directed into the front hemisphere
mainly (<30∘), and at low energies, the angular distribution
of scattered neutrons is close to spherical [18]. The transition
from straight to diffusion propagation of VCNs in the bulk of
a massive gel sample with increasing the sample volume with
diameter up to 25 cm might result in a significant increase in
the time of propagation of neutrons between two consequent
crossings of the vessel walls and thus in a corresponding
increase of the probability of decreasing the energy of neu-
trons down to the temperature of theHe-II bath cooled below
10mK.
4. Conclusion
We have made neutron scattering measurements on
impurity-helium gels—a new class of “soft-matter.” As an
impurity, we used gases D
2
and O
2
and vapor of liquids
D
2
O and C
2
D
5
OD. The mean sizes of nanoparticles in the
gels were 6–10 nm for heavy water gel and 15–30 nm for
4 Advances in High Energy Physics
deuterated ethanol samples. We propose that the massive
IHG samples could be promising for the purposes of VCN
cooling down to UCNs.
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